Habitat fragmentation may influence the genetic structure of populations, especially of species with low mobility. So far, these effects have been mainly studied by surveying neutral markers, and much less by looking at ecologically relevant characters. Therefore, we aimed to explore eventual patterns of covariation between population structuring in neutral markers and variation in shell morphometrics in the forest-associated snail Discus rotundatus in relation to habitat fragment characteristics. To this end, we screened shell morphometric variability and sequence variation in a fragment of the mitochondrial 16S rDNA gene in D. rotundatus from the fragmented landscape of the Lower Rhine Embayment, Germany. The 16S rDNA of D. rotundatus was highly variable, with a total of 118 haplotypes (384 individuals) forming four clades and one unresolved group. There was a geographic pattern in the distribution of the clades with the river Rhine apparently separating two groups. Yet, at the geographic scale considered, there was no obvious effect of fragmentation on shell morphometrics and 16S rDNA variation because GST often was as high within, as between forests. Instead, the age of the habitat and (re-)afforestation events appeared to affect shell shape and 16S rDNA in terms of the number of clades per site. The ecologically relevant characters thus supported the presumably neutral mitochondrial DNA markers by indicating that populations of not strictly stenecious species may be (relatively) stable in fragments. However, afforestation after large clearcuts and habitat gain after the amendment of deforestation are accompanied by several, seemingly persistent peculiarities, such as altered genetic composition and shell characters (e.g. aperture size).
INTRODUCTION
Forest loss is one of the major global conservation issues since, amongst others, it has detrimental effects on the indigenous biodiversity (Turner, 1996; Fahrig, 2003) . Along with changes in the community structure, demographic bottlenecks are likely to occur, which, in the absence of genetic exchange, will enhance the effects of genetic drift by increasing genetic differentiation among populations, by decreasing genetic diversity within populations, and, finally, by provoking stronger inbreeding effects (Keyghobadi, 2007) .
Being sedentary or having a low dispersal capacity is one of the traits that renders a species more susceptible to effects of fragmentation (Ewers & Didham, 2006) . Most terrestrial gastropods are notorious for their restricted active dispersal ability (Baur & Baur, 1988; Dörge et al., 1999) , although occasional passive transport allows to colonize new habitats (Dörge et al., 1999; Gittenberger et al., 2006) , and some species seem to spread quite rapidly (Mienis, 2008) . Concomitant with low active colonizing ability, gene flow usually is restricted also. Terrestrial gastropods often display strong spatial population structuring (Selander & Kaufman, 1975; Pfenninger, 2002; Schweiger, Frenzel & Durka, 2004) . For example, the temperature-sensitive, algae-grazing, Pleistocene relict snail Discus macclintocki (F. C. Baker, 1928) , which today only occurs in patches of cold-air algific talus slopes, shows a marked local population structuring of monophyletic subpopulations with no obvious genetic exchange across watersheds, even at distances < 40 km (Ross, 1999) . As in most other studies dealing with effects of habitat fragmentation on population structuring, the patterns of population divergence in D. macclintocki were assessed by screening supposedly neutral molecular markers [mitochondrial (mt)DNA]. However, this raises the question as to whether, and to what extent, habitat fragmentation is also mirrored by population differentiation in ecologically relevant characters that may reflect fitness. Gastropod shell size and shape are such characters. They are influenced by a variety of environmental variables (Goodfriend, 1986) and by an indivudual's genetic background (Teshima et al., 2003; Schilthuizen et al., 2006) . For example, Boettger (1929) reported that Discus rotundatus (O. F. Müller, 1774) produced a taller spire already in the first generation raised under moister laboratory conditions. More generally, environmental stress, including predation pressure, tends to affect shell features such as size, shape, thickness, and sculpturing (Schilthuizen et al., 2006) . Hence, by provoking changes in the physical environment and biotic interactions, habitat fragmentation is expected to produce a combination of genetically and environmentally determined changes in shell features. Therefore, we hypothesize that habitat fragmentation may cause population divergence both in terms of neutral genetic markers and in terms of shell characteristics. Against this background, in the present study, we describe patterns of population differentiation in putatively neutral (mitochondrial 16S rDNA sequences) and ecologically relevant (shell features) markers of the common forest-associated snail D. rotundatus in relation to habitat fragmentation. We expect that, as a result of the limited active dispersal ability, genetic exchange between isolated habitat patches will be low, so that drift will lead to population differentiation. Recently established habitats should then also display less genetic diversity than older habitats (Vellend, 2004) . The concomitant expectations with respect to patterns of variation in shell characteristics are much less straightforward because several processes, such as drift and selection, and responses, such as plasticity, may act simultaneously. Furthermore, we explore eventual patterns of covariation between habitat fragment characteristics, population structuring in neutral markers, and variation in shell morphometrics, aiming to infer more general hypotheses about correlates between effects of habitat dynamics on ecologically relevant shell traits.
MATERIAL AND METHODS

SITES
The study area is located in the Lower Rhine Embayment, south-western Northrhine-Westphalia, Germany (Fig. 1 , Table 1 ). A change in mollusc assemblages from deposits suggests that some large-scale deforestation occurred in this area approximately 5000 years ago (Meyrinck, 2001) . Today, forests and afforestations are isolated patches in a sharply contrasted matrix. We sampled a total of 16 sites from nine differently sized habitats with deciduous woody vegetation ( Fig. 1, Table 1 ), which we will further refer to as forests or forest fragments.
Most sites were assigned as forest/woodland in the Tranchot maps (dating 1801-1814). Only sites 1, 2, and 8 were recent afforestations and/or successions *Parts of the forest were devastated during the late phase of the Napoleonic occupation and reforested after 1815 by the Prussians who mainly planted exotic trees such as pines (Pinus silvestris). However, very old oaks still occurred in sites 5 and 6.
(approximately 40, 50, and 45 years old, respectively). Furthermore, we assessed how strong the local forest cover was affected in the last 200 years (-1, considerable loss of habitat; -0.5, deforestation only at the forest margin; 0, no net change; +0.5, afforestation only at the forest margin; +1, considerable gain of habitat). Moreover, we used a binary code for the effect of a recent introduction of trees (i.e. afforestation) to account for an eventual co-introduction of soil fauna (0, deforestation or no change; 1, afforestation).
To describe the habitats, we measured the forest area (variable 'SIZE'), the distance of the sampled habitat to the nearest disturbance (internal edges created by larger roads, railways, or the forest border; variable 'DIS'), as well as that to the external forest border (variable 'EDGE') from recent maps (series TK 1 : 25 000). In addition, we determined the area of woodland cover within a radius of 1 km from the site to account for local habitat availability (variable 'WOOD'). The latter variable was introduced as some matrix patch diminishing the area of suitable habitat occurred at this distance even in large forests. In smaller fragments that are completely located within this radius, this variable accounts for other fragments within the reach of the site. Distances and areas were measured using the freeware program package QUANTUM GIS 0.9.1 (http:// qgis.org/). Because calcium availability can influence shell shape (Goodfriend, 1986) , and calcium availability is closely linked to soil pH, we additionally measured soil pH in 1 M KCl, using a well mixed sample of ten equally sized subsamples of the Ah-horizon of each site. SAMPLING Individuals of D. rotundatus were hand collected from coarse woody debris and from the bark of stems after rains between March and July 2008 from nine woods (16 sites). We restricted collections to one individual per log per stem to minimize the possibility of sampling close relatives, and only collected individuals that had at least 4.5 whorls (subadults and adults; Kuźnik-Kowalska, 2006) to additionally minimize the probability of sampling direct offspring. In total, we sampled 384 individuals (Table 1) . Additionally, we determined densities of D. rotundatus in the sites. We collected the substrate from eight plots covering 0.125 cm 2 each (total: 1 m 2 per site; more details are given in Supporting Appendix S1 and Table S1 ). However, this is only a correlate for densities in the collection locations because Discus usually aggregates at woody debris (Kappes, 2005) . The substrate was sorted in the laboratory using a magnification lens. Empty shells were excluded from the analysis. However, the sampling effort was not sufficient to retrieve live Discus in all the plots. Occupancy assessment depends on the size of the sampled area, which is positively related to the probability of detecting the species (MacKenzie et al., 2006) . Therefore, we defined scores on an arbitrary log-based scale to account for occurrence probabilities in the two sites where the species was never found alive in the samples. We then scored 'densities' as: 0.1, 0.2, and 0.5 if one, two, or more individuals were observed within 10 m around the plots.
SHELL FEATURES
We measured seven shell characteristics to the nearest 0.01 mm: namely, overall shell diameter and height, aperture diameter and height, upper width of the last whorl at the aperture (suture-edge distance at the aperture, as seen from above), diameter of the umbilicus, and diameter of the embryonic shell ( Fig. 2 ). In addition, we determined the total number of whorls and that of the embryonic shell, and approximately classified shell coloration (0, whitishyellowish; 1, predominantly yellowish-brown; 2, predominantly brownish; 3, completely intensely (reddish) brown, on a scale allowing steps of 0.5 inbetween).
DNA extraction and amplification
A portion of the foot was used to extract total genomic DNA. The tissue was digested with Proteinase K for 3-4 h at 65°C, using the QIAmp DNA Mini kit (Quiagen) and its accompanying DNA extraction protocol. A part of the mitochondrial 16S rDNA gene was amplified with primers 16Sar (5′-CGCC TGTTTATCAAAAACAT-3′) and 16Sbr (5′-CCGGTCT GAACTCAGATCACGT-3′) (Palumbi et al., 1991) in a TGradient thermocycler (Biometra) under the conditions: 3 min at 94°C, then 35 cycles of 1 min at 94°C, 1 min at 53°C and 1 min at 72°C, and ending with 7 min at 72°C.
Polymerase chain reaction (PCR) reaction volumes contained 1¥ Green GoTaq Flexi Buffer (Promega), 0.5 mM of each primer, 300 mM of each dNTP, 0.85 U of Taq DNA polymerase (New England BioLabs), 2 mM MgCl2 and 1 mL of template DNA per 10 mL reaction volume. Post-amplification purification and sequencing was performed by the VIB Genetic Service Facility (University of Antwerp). Purified PCR products were sequenced with the ABI PRISM BigDyeTM Terminator cycle sequencing kit (Applied Biosystems) and run on a capillary Applied Biosystems 3730 DNA Analyser.
Data analysis
Sequences were aligned in CLUSTALX, version 2.0.8 (Larkin et al., 2007) . Nucleotide frequencies, diversity, substitution rates, and the transitiontransversion (ti/tv) bias were calculated in MEGA4 (Tamura et al., 2007) .
The evolutionary history was inferred using the Neighbour-joining (NJ) method (Saitou & Nei, 1987) with some close and distant outgroups. Discus perspectivus (von Mühlfeld, 1818) (GenBank accesion number GQ167203), Discus cronkhitei (Newcomb, 1865) (AF063141), Discus catskillensis (Pilsbry, 1898) (AF063140), and D. macclintocki (F.C. Baker, 1928) strains 62.05 (AF064438) and 119.02 (AF064427) (from Ross, 1999) were added as outgroups. The GenBank accession numbers for D. rotundatus from our study are FJ969586-FJ969703.
Branch node support was evaluated by bootstrapping (1000 replicates) (Felsenstein, 1985) . Evolutionary distances were computed using the maximum composite likelihood method employing the complete deletion option (Tamura et al., 2004) , assuming different ti/tv patterns among lineages and different rates among sites. There were a total of 494 positions in the final dataset. Phylogenetic analyses were conducted in MEGA4 (Tamura et al., 2007) . Tajima's D statistics and its P-values were also calculated using MEGA4.
Sequence variability was inferred by the total numbers of: (1) polymorphic, including indel, sites (S);
(2) singleton sites (si); (3) parsimony informative sites (pars); (4) base substitution polymorphism (i.e. excluding indels) (pars + si); and (5) haplotypes (h; further called haplotype richness). In addition, we estimated haplotype diversity (H D), average number of differences (K), and the number of the clades or genetic groups (further called clade richness), as derived from the NJ analysis. Except for clade richness, these variables, as well as FST and GST values were calculated in DNASP, version 4.5 (Rozas et al., 2003) . Differences between sites in clade composition were assessed using a chi-square test in STATISTICA6 (Statsoft Inc.).
The morphometric data was analysed as follows. First, we performed regressions of the measurements against shell diameter to correct for allometric effects of body size, and calculated a principal component analysis (PCA) on the residuals. Principal components (PCs) with an Eigenvalue > 1 were extracted from the correlation matrix using a varimax rotation. We also used an analysis of variance (ANOVA) to estimate the effect of genetic group (clade identity based on the NJ tree, see below) or environmental factors on shell morphometry. As n differed between groups, the unequal N honestly significant difference test was applied to assess post-hoc groupings. Mahalanobis distances between sites were calculated using a discriminant analysis of PC1-PC4. Statistical analyses were conducted with STATISTICA6.
We checked for correlations between genetic distances (G ST, FST), Mahalanobis distances and geographic distances using Mantel tests (9999 permutations) in the program PRIMER 5 (PRIMER-E Ltd).
To test differences in shell morphometrics between sites, we calculated Euclidean distances between the single individuals (N = 384). For this, we also used PC1-PC4, and entered the sites as factor. The matrix then was subjected to an analysis of similarities with 999 Monte Carlo permutations. We also calculated the multivariate dispersion indices (MVDISP values, also known as the index of multivariate seriation; Warwick & Clarke (1993) from this matrix as a measure of morphometric heterogeneity within the sites. High MVDISP values indicate a high variation in shell morphometry in a given site. These analyses and the plotting of the multidimensional scaling of the Mahalanobis distances were also performed in PRIMER 5.
The explanatory value of the environmental variables (minimal forest age, binary code for afforestation, scores for relative strength of change, logtransformed densities of D. rotundatus on the forest floor, the square root-transformed variables SIZE, WOOD, EDGE, and DIS) were tested using the HIER.PART package for R (available at http://cran.rproject.org/web/packages). This procedure allows the inference of which of the environmental variables has the highest contribution in explaining the variation in the dependent genetic and shell morphometric variables. The predictive value of the environmental factors was estimated using Pearson correlations and t-tests in STATISTICA6.
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RESULTS
GENETIC DIVERSITY
In D. rotundatus, we found 118 different haplotypes (including sites with alignment gaps) among 384 individuals. Haplotype richness per site was in the range 6-18 (Table 1) with an average of 10.6 ± 3.3 (i.e. almost every second to third individual belonged to a new haplotype). At site 9, the nine individuals even all belonged to a different haplotype (Table 1) .
Haplotype diversity was in the range 0.61-1.00 and the average number of substitutions between haplotypes within sites was in the range 2.65-17.55 (K in Table 1 ). NJ analysis showed four strongly supported clades and one weakly supported group (5) (Fig. 3) . The four clades and group 5 had different numbers of haplotypes and individuals: clade 1 had 34 individuals from ten haplotypes, clade 2 had ten individuals from six haplotypes, clade 3 had 32 individuals from 16 haplotypes, clade 4 had 142 individuals from 37 haplotypes, and group 5 had 166 individuals from 49 haplotypes. Within D. rotundatus, sequence divergences in terms of the number of base substitutions per site ranged from 0.03 between clade 3 and group 5 to 0.07 between clades 1 and 4 ( Table 2) . By contrast, D. perspectivus displayed a sequence divergence of approximately 0.19 to the basal node of D. rotundatus, or approximately 0.21 to the base of D. rotundatus clade 2.
The four clades and group 5 also differed in terms of nucleotide diversity (clade 1: 0.003 ± 0.001; clade 2: 0.004 ± 0.002; clade 3: 0.005 ± 0.001; clade 4: 0.007 ± 0.001; group 5: 0.011 ± 0.002; mean and standard error calculated from the 118 haplotypes). With the exception of the clade pairs 1-2 and 2-3 (both P Ն 0.130), the differences were significant on a P-level below 0.001 (for N in each clade; see above). Furthermore, the four clades and group 5 displayed different ti/tv biases (clade 3: R = 5.01; clade 2: R = 1.03; others: 0.49 Յ R Յ 0.60). Moreover, clade 4 displayed a significant negative value for Tajima's neutrality test (D = -2.22, P < 0.01), possibly indicating a recent population size expansion. Clade richness in the sites was in the range 1-5, with an average of 3.0 ± 1.1 (for the 15 sites from which 25 individuals were sequenced).
Genetic differentiation between sites
Clade composition usually differed between sites (Fig. 1, Table 1 ). Strong differences were even found . Only a few nodes within group 5 of D. rotundatus were supported by bootstrapping (1000 replicates) and branch length in this group is shorter than in the other four clades. We thus prefer to consider them as a preliminary, possibly nonmonophyletic group. The tree is drawn to scale, with branch lengths in the units of the number of base substitutions per site. The number of base substitutions per site from averaging over all sequence pairs between groups is shown. All results are based on the pairwise analysis of 118 sequences, with positions containing alignment gaps being eliminated in pairwise sequence comparisons. Standard error estimate(s) are shown in brackets above the diagonal and were obtained by a bootstrap procedure (100 replicates). Analyses were conducted using the maximum composite likelihood method in MEGA4. There were a total of 427 positions in the final dataset.
between sites within the same forest at distances < 1 km (e.g. site 3 versus 4, c 2 = 14.4, P = 0.006; site 10 versus 17: c 2 = 25.6, P < 0.001; site 11 versus 17: c 2 = 31.1, P < 0.001; site 14 versus 16: c 2 = 51.7, P < 0.001; all d.f. = 4). More than half of the individuals of most of the western and central sites (sites 1, 2, 8-13, 17; Fig. 1 ) belonged to group 5, whereas more than 50% of the individuals from the eastern forests (sites 3-6, 14-16; Fig. 1 ) belonged to clade 4. Clade 2 was only found in the recent floodplain (site 9), the lower terrace (sites 1, 2, 8, 14), and the lower middle terrace of the Rhine (sites 3 and 4; Fig. 1 ). By contrast, clade 1 occurred on both sides of the River Rhine but was only found in forests that according to the Tranchot maps were large 200 years ago, whereas clade 3 seems not to have any obvious geographic or historical relations. As a result of the geographic pattern of the clades, sites that were close to each other tended to share haplotypes and representatives of the same clades, and F ST was related to geographical distance (rho = 0.330; P = 0.006; matrices are given in Table S2 ). However, the FST data were not plotted because there were many private haplotypes per site and the NMDS had a high stress value (stress = 0.32).
The GST values differentiated between the eastern and the western forests (Fig. 4) , with two sites in the geographical centre (sites 8 and 9) displaying a kind of genetic link between the eastern and western sites. Yet, GST values were not significantly correlated with geographical distance (Rho = 0.195; P = 0.086). Based on pooled sites (i.e. sites within larger forests or at maximum distance of 0.5 km) and, excluding gaps from the analysis, GST was 0.168 (c 2 = 1658, d.f. = 595, not significant). Two haplotypes, each from a different clade and from a different geographical area, were very abundant and widespread. Haplotype 96 (strain 14-1) from clade 4 (48 individuals) was found in eastern and central sites (sites 2, 3, 4, 5, 6, 8, 14, 15, and 16) , whereas haplotype 109 (strain 10-12) from group 5 (49 individuals) occurred in western and central sites (sites 1, 2, 8, 9, 10, 11, 12, 13, and 17) .
Genetic identity and shell morphometry
The PCA on the size-corrected residuals of the shell measurements resulted in four factors with an eigenvalue > 1 (Table 3 ). The four PCs explained 60 % of the total variation in shell morphometry. PC1 was strongly, negatively correlated with shell height and the number of whorls, whereas it was strongly, positively correlated the width of the last whorl. The number of embryonic whorls and the embryonic shell diameter as seen from above were positively correlated with PC2. Similarly, PC3 was strongly, negatively correlated with aperture width and aperture height. Finally, shells with a dense ribbing on the last whorl had a lighter overall coloration (PC4).
The results of the ANOVA on the association between clades and shell features are given in Table 4 . Clade 4 deviated from group 5 in two shell features: the residuals of the number of whorls [t-test, clade 4 (N = 142) versus group 5 (N = 166): 0.04 ± 0.18 versus -0.03 ± 0.21, t = -2.9, P = 0.004], and the lower number of ribs per mm on the last whorl (residuals of the number of ribs per mm: -0.13 ± 0.74 versus 0.11 ± 0.69, t = -2.9, P = 0.004). Furthermore, clade 4 deviated from clade 1 in terms of PC3, i.e. the shape of the aperture [clade 4 (N = 142) versus clade 1 (N = 34): -0.22 ± 1.23 versus 0.49 ± 0.82, t = -2.8, P = 0.006]. The matrix of the morphometric Mahalanobis distances (see Supporting Table S3 ) was neither correlated to the genetic distances (GST and FST; rho = 0.16, P = 0.17 and rho = -0.02, P = 0.56, respectively), nor to the geographic distances between the 16 sites (rho = -0.02, P = 0.52). There was some differentiation in shell morphometry between the large eastern forest (sites 3-6) and the eastern fragment (sites 14-16; Fig. 5A, B) . Shells from the eastern fragment differed from the large eastern forest in both PC2 (mean ± standard error of the means of PC2 scoring -0.74 ± 0.16 and 0.20 ± 0.09 in the fragment and the continuous forest, respectively, d.f. = 5, t = -5.38, P = 0.003) and PC4 (scoring -0.43 ± 0.06 and -0.41 ± 0.20 in the fragment and the continuous forest, respectively; d.f. = 5, t = -3.43, P = 0.019). However, only some very easternmost sites (sites 4-6) were somewhat different from most western forests. Habitat type also influenced shell shape because recent afforestations and the floodplain site harbored a set of shell morphs that were distinct from unchanged or fragmented old-growth sites. The four sites depicted in Figure 5 differed from the others in their mean PC2 (mean ± standard error of the means of PC2 in the four sites and the other sites scoring 0.82 ± 0.74 and -0.17 ± 0.21, respectively; d.f. = 14, Shared letters in the final column indicate a lack of significance. t = -2.89, P = 0.012). Two afforested sites (i.e. sites 3 and 5) were somewhat more similar to old-growth sites, probably because these two sites were part of a large ancient forest and only were re-afforested (Table 1) . By contrast, similarities between small and large sites suggest that fragmentation per se does not appeara to influence shell morphometry (Fig. 5 ).
RELATIONSHIP BETWEEN ENVIRONMENTAL
PARAMETERS, GENETICS, AND MORPHOMETRY
Hierarchical partitioning revealed that only a few environmental variables provided a significant individual contribution to the variability in the genetic and morphometric data (Table 5 ). Soil pH had a slight effect on PC1 (characters related to shell heigth, including the distance between the suture and the edge at the aperture) and on the number of parsimony informative sites. Afforestation was a good predictor for increased clade richness and thus increased mtDNA polymorphism within the populations. Compared to unchanged or fragmented sites, shells from afforested sites had relatively wider apertures. Compared to shells from old forests, individuals from the most recent afforestations (Յ 50 years) displayed a higher mtDNA polymorphism, and a higher morphometric variation in terms of the MVDISP value, but also relatively smaller embryonic shells (Table 5) . Moreover, PC2, PC4, and rib density decreased with increasing population densities (Table 5 ).
DISCUSSION
Concerning the effects of fragmentation on the population characteristics of today's most common Discus species in Europe, D. rotundatus, our initial hypothesis predicted genetic divergence between isolated populations, but did not provide a straightforward expectation with respect to shell morphometrics. On the one hand, two small adjacent but isolated sites displayed some genetic divergence in terms of G ST and differed in shell morphometry (sites 1 and 2), which is in accordance with the predictions. On the other hand, GST often was as high within, as between forests. Similarly, shell morphometry even differed between sites within a large forest (sites 3-6). Also, habitat size (in the range we studied) did not predict the morphometric variability (MVDISP) observed within a site. Thus, we could not detect any unambiguous effect of habitat fragmentation in terms of habitat size or recent habitat loss. Instead, there was an overwhelming effect of habitat age or afforestation events, both on population genetics and on shell morphometrics. Habitat age or afforestation events imply some turnover in habitat characteristics, or a gain in habitat area. However, unlike in the forest herb Trillium grandiflorum (Vellend, 2004) , genetic richness of D. rotundatus was higher in the younger habitats. Stiven (1989) observed an increase in rare alleles in Mesomphix populations from the historically disturbed area of the Coweeta Experimental Forest compared to the apparently unlogged Tennessee Branch watershed. This was a result of disturbance-induced bottlenecks and drift (Stiven, 1989) . In the present study, some of the afforested sites were former fields (i.e. the higher clade richness in afforestations indicates multiple passive spread). We assume that passive dispersal of D. rotundatus today is predominantly related to human activities such as firewood collections, afforestation plantations, and garden waste deposits. This passive spread masks most of the anticipated effects of fragmentation and isolation. In dynamic systems, 
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geographic distance does not fully account for genetic distances; for example, as shown for Balea biplicata from floodplain habitats (Hille et al., 2003) or for Helix aspersa from polders (Arnaud et al., 2003) .
The effect of (recent) afforestations on shell morphometry hints at a strong influence of a common environmental factor. For example, calcium availability may influence shell morphometry (Goodfriend, 1986) . The new afforestations and the floodplain forest are growing on richer, loamy soils, that also have a higher pH value. Also, it has been shown that calcium availability is temporarily increased in young regrowth forests (Yanai et al., 1999) . Moreover, oldgrowth and new forests differ in terms of structure, light penetrance, and vegetational undergrowth (Endels et al., 2004) . Finally, hidden environmental factor(s) also may have contributed to the correlation between densities and shell morphometry, or densities directly influenced shell characteristics. Shell sculptures (e.g. ribs) have been interpreted as an antipredator defence (Boettger, 1932; Millar & Waite, 2004) . Individual predation effects often are opposite to density-dependent effects. High population densities thus may reflect relaxed individual predation pressures, and are associated with reductions in the amount of resources allocated to antipredator defenses (Peacor, 2003) , such as rib formation or colour. However, we found only some density effect on rib density, and not on overall coloration. Colour camouflage depends on the background against which the shell is seen and thus most likely is linked to density-independent factors such as light intensity.
In summary, D. rotundatus appears to survive well in slightly disturbed or dynamic forest(-like) systems. Putative adaptations to fragmented habitats are supported by the comparative analysis of life-history traits among the European Discus species (Kuźnik-Kowalska, 2006) , the occurrence of uniparental reproduction (Kuźnik-Kowalska, 1999) and some primitive egg care (Kuźnik-Kowalska & Pokryszko, 2007) , and Table 5 . Results of the hierarchical partitioning for the population means of the genetic and morphometric characteristics (residuals for regression against shell diameter), presenting only cases in which the explanatory variables had a significant (P < 0.023 to account for multiple testing) independent (I) contribution to the proportion of variance in the model with nine variables. by habitat analyses (Kappes et al., 2009) . The ability to colonize new habitats is also a prerequisite to the utilization of ephemeral resources such as those provided by coarse woody debris, in which densities of D. rotundatus peak (Kappes, 2005) .
To conclude, the changes in the genetic characteristics and shell morphometry show that (re-)afforestation apparently does not re-establish the original forest populations but produces new, persistent population characteristics, suggesting that populations change along with such habitat changes. Hence, populations inhabiting restored, old habitats may not necessarily reflect their original features. 
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